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toxic protein Doc (26), and by some antibiotics that are general inhibitors of transcription and/or translation, such as rifampicin, choramphenicol and spectinomycin (27) .
Some crucial aspects of the mazEF system have remained elusive. It is still unknown how MazE or the MazE-MazF complex binds to the mazEF promoter DNA, and how MazE and MazF interact with each other to form a complex. In the present paper, we have investigated the interactions between MazE, MazF, and the mazEF promoter DNA to identify the functional domains in MazE responsible for binding to the mazEF promoter DNA and for interacting with MazF. It is demonstrated that MazE has a DNAbinding domain in its N-terminal region, and that the region from residue 38 to 75 in MazE is required for its binding to MazF, in which Leu55 and Leu58 are essential. The data in the present paper also suggest that the MazE-MazF complex consists of one MazE dimer and two MazF dimers.
EXPERIMENTAL PROCEDURES
Reagents and enzymes  Nucleotides, ampicillin and kanamycin were from Sigma. The 7 sulfate fractionation, gel filtration on Sephadex G-100 column, DEAE-Sepharose and hydroxyapatite column chromatography. The fractions containing MazF protein were pooled and concentrated. MazF was further purified by gel filtration with a Superdux TM 200 column (Pharmacia Biotech). For purification of (His) 6 MazE, pET28a-(His) 6 E was introduced into E. coli BL21(DE3) strain, and (His) 6 MazE expression was induced with 1mM IPTG for 4 h. (His) 6 MazE protein was immediately purified by Ni-NTA (QIAGEN) affinity chromatography. pET21cc-EF(His) 6 was also introduced into E. coli BL21(DE3) strain. The coexpression of MazE and MazF(His) 6 were induced in the presence of 1 mM IPTG for 4 h. The MazE-MazF(His) 6 complex was immediately purified by Ni-NTA (QIAGEN) affinity chromatography, and further purified by gel filtration. To purify MazF(His) 6 from the purified MazE-MazF(His) 6 complex, MazE in the purified MazE-MazF(His) 6 complex was dissociated from MazF(His) 6 in 5 M guanidine-HCl. MazF(His) 6 was retrapped by Ni-NTA resin (QIAGEN) and refolded by step-wise dialysis. The yield of refolding is approximately 80%. The biochemical activity of MazF(His) 6 was determined with E. coli T7 S30 extract system (Promega) for the protein synthesis inhibition. Electrophoresis was performed in TAE buffer at 100 V in 6% native polyacrylamide gel.
Electrophoretic mobility shift assays (EMSA)
After electrophoresis, the gel was dried and then exposed to X-ray film.
Native PAGE  Different amounts of (His) 6 pGBD-C1 were used for two-hybrid assays (29) . In order to localize the MazF-binding 
Results
MazE and MazF form a complex in a 1:2 ratio  Tricine SDS-PAGE patterns of purified MazE-MazF(His) 6 , MazF and (His) 6 MazE are shown in Fig. 1 , lanes 2, 3 and 4,
respectively. The sizes of MazF and (His) 6 MazE agree with theoretical molecular weight 12.0 kDa and 11.4 kDa, respectively (Fig. 1, lanes 3 and 4) . The MazE-MazF(His) 6 by guest on September 1, 2017
http://www.jbc.org/ Downloaded from complex was separated into 9.3 kDa MazE and 13.2 kDa MazF(His) 6 ( Fig. 1, lane 2) , and the ratio of MazF(His) 6 to MazE is approximately 2 as determined by densitometer.
When (His) 6 MazE and MazF were mixed together and the mixture was subjected to native PAGE, a new band appeared at position a near the top of the gel (position a in Fig.   2 ). The gel corresponding to the new band was cut out and incubated in a reducing buffer [20 mM Tris-HCl (pH 7.5), 100 mM NaCl and 50 mM β-ME] for 30 min at room temperature, and then the gel was placed on the top of SDS-PAGE gel to run a second dimensional electrophoresis to analyze the protein components. After staining the gel with Coomassie brilliant blue, two bands corresponding to (His) 6 MazE and MazF were observed, while (His) 6 MazE moved slower than MazF on the SDS-PAGE. These results demonstrated that the new band was the complex consisting of (His) 6 MazE and MazF. If the gel cut from the native PAGE was not treated in the reducing buffer, three protein bands were observed after it was subjected to the SDS-PAGE, (His) 6 MazE, MazF and the MazF dimer (data not shown). Three bands appeared for the purified MazF on the native PAGE, but only one peak was observed when the purified MazF protein was assayed by HPLC (data not shown). The reason for the multi-band formation of MazF is not known at present.
Next, we attempted to determine if the ratio of (His) 6 MazE to MazF is stable in the complex. As shown in Fig. 2A , different amounts of (His) 6 MazE were added into the solution containing a constant concentration of MazF (2 µM) to make the Relative protein amounts in each lane were determined by densitometer using purified (His) 6 MazE and MazF as controls. The ratios of MazF to (His) 6 MazE in the complex were maintained almost constant at 1.8 whenever (His) 6 MazE or MazF was added in excess in the mixtures (Fig. 2 ). As mentioned above, the MazE-MazF(His) 6 complex was separated to MazE and MazF(His) 6 on a tricine SDS-PAGE, and the ratio of MazF(His) 6 to MazE is approximately 2 (Fig.1 , lane 2). The molecular mass of the purified MazEMazF(His) 6 complex and MazF were determined as 76.9 kDa and 27.1 kDa by gel filtration with a Superdux TM 200 column (Pharmacia Biotech) (Fig. 3 ). MazF(His) 6 was purified from the MazE-MazF(His) 6 complex. MazF(His) 6 was able to inhibit the protein synthesis in an E. coli cell-free system (E. coli T7 S30 extract system, Promega), and the protein synthesis was rescued by the co-addition of (His) 6 MazE (data not shown). The molecular mass of MazF(His) 6 was determined to be 28.3 kDa with light scattering, suggesting MazF(His) 6 exists as dimer. The structure of MazE has been demonstrated as a dimer (30) . Therefore, the MazE-MazF(His) 6 complex (76.9 kDa) may consist of one MazE dimer (predicted to be around 18.6 kDa as the MazE molecular weight is 9.3 kDa ) and two MazF(His) 6 dimers (predicated to be 56.6 kDa). 6 MazE, MazF and the MazE-MazF(His) 6 complex were tested separately for their binding abilities to the mazEF promoter DNA fragment. (His) 6 MazE was able to shift the mazEF promoter fragment at 2 µM or higher concentrations (Fig. 4A, lanes 7-12) . At 0.4 to 1.0 µM (His) 6 MazE, no discrete mobility-shifted bands were observed, although the signals of the DNA fragment started to smear upward (Fig. 4A, lanes 3-6) ,
MazF enhances MazE binding to the mazEF promoter
indicating that some unstable (His) 6 MazE-DNA complexes were formed at these concentrations. At 2 to 20 µM (His) 6 MazE, we observed discrete mobility-shifted complexes, which move slower at the higher concentrations of (His) 6 MazE (Fig. 4A , lanes 7-12), suggesting that the number of (His) 6 MazE molecules bound to the DNA fragment increased at higher MazE concentrations. It is possible that there are more than one (His) 6 MazE binding sites in the 50-bp mazEF promoter fragment. On the other hand, MazF protein could not bind to the 50-bp mazEF promoter DNA even at 20 µM concentration (Fig. 4B ). Increasing amounts of both (His) 6 MazE and MazF proteins were added with a constant (His) 6 MazE/MazF (1:2) ratio. Compared with (His) 6 MazE alone, MazF significantly enhanced (His) 6 MazE binding to the mazEF promoter. Under these conditions, the 50-bp mazEF promoter fragment was shifted at a (His) 6 MazE concentration of as low as 0.2 µM (Fig. 4C) , and supershifting was observed at higher concentrations of the (His) 6 MazE-MazF complex, which indicates that more (His) 6 MazEMazF complexes bind to the DNA fragment at higher concentrations, suggesting there are multiple binding sites for the (His) 6 MazE-MazF complex in the mazEF promoter. conserved basic residues (K7, R8 and R16) in its N-terminal region, named the N-box (Fig. 5) . Since MazE is able to bind the mazEF promoter DNA, the N-box may be responsible for the DNA binding. Secondly, there is a conserved C-terminal region, named the Hp-box (Fig. 5) , which contains several conserved hydrophobic residues.
Conserved Amino acid sequence in MazE homologs
The N-box of MazE is responsible for the DNA-binding of both MazE and the MazE-
MazF complex  Various site-directed mutations were constructed in the mazE gene on pET21cc-EF(His) 6 plasmid, converting the conserved amino acid residues in the N-box to Ala. The complexes formed by MazE mutant proteins and MazF(His) 6 were purified.
These complexes were tested for their binding ability to the mazEF promoter DNA by EMSA respectively. As shown in Fig. 6A , the complexes formed by MazE mutants with mutation in the N-box (K7A, R8A, S12A or R16A) and MazF(His) 6 were unable to bind to the mazEF promoter DNA (Fig. 6A, lanes 3, 4, 5 and 6 ). However, the substitution mutations on the conserved amino acids outside the N-box, such as MazE I43N and E57Q, did not affect the DNA binding of the complex (Fig. 6A, lanes 7 and 8, respectively). Various of substitution mutations were also constructed in the mazE gene on pET28a-(His) 6 E plasmid. All of the (His) 6 MazE mutants with the substitution mutation in the N-box (K7A, R8A, S12A and R16A) lost their DNA-binding ability ( 6B, lanes 3, 4, 5 and 6, respectively), while the wild-type (His) 6 MazE was able to bind to the mazEF promoter (Fig. 6B, lane 2) . The (His) 6 MazE mutants with the substitution mutation outside the N-box (R48A, F53A, L55A/L58A and E57Q) were able to bind the mazEF promoter DNA (data not shown). These results indicate that the DNA-binding ability of the MazE-MazF complex is due to MazE protein in the complex, and that the N-box is responsible for the DNA binding of MazE. Site-directed mutations were also performed on plasmid pET28a-(His) 6 E to construct (His) 6 MazE R48A, F53A, L55A/L58A and E57Q mutants. The complex formations with these (His) 6 MazE mutants and MazF were examined by native PAGE. As shown in Fig.   8A , (His) 6 MazE mutants R48A, F53A and E57Q were able to form the complex with MazF (Fig. 8A , lanes 5, 6 and 7, respectively), while (His) 6 MazE L55A/L58A mutant was not (Fig. 8A, lane 4) . By EMSA, it was found that both the wild-type (His) 6 MazE and (His) 6 MazE L55A/L58A mutant were able to bind to the mazEF promoter DNA (Fig.   8B , lanes 2 and 3, respectively). When MazF was added, the wild-type (His) 6 MazE was able to interact with MazF to form the complex resulting in a supershifted band near the top of the gel (Fig. 8B, lane 4) compared to the lane with wild-type (His) 6 MazE alone (Fig, 8B, lane 2) . However, the addition of MazF to (His) 6 MazE L55A/L58A did not cause the supershifting of the DNA fragment, confirming that the (His) 6 MazE L55A/L58A mutant cannot interact with MazF to form a complex. 6 MazE and MazF in the (His) 6 MazE-MazF complex was found irrespective of which protein was added in large excess (Fig. 2). 2) The C-terminal region of MazE interacts with MazF homodimer in the structure of MazE-MazF complex. The Hp-box region identified in this study is involved in the seemingly most stable interface between MazE and MazF (Fig. 9) . The sidechains of hydrophobic amino acid residues (Leu55, Leu58, Val59 and Ile62) in the Hp-box contact with a cluster of hydrophobic residues in the MazF homodimer. Indeed (His) 6 MazE L55A/L58A mutant was not able to form a complex with MazF ( Fig. 8) , suggesting that these hydrophobic interactions are essential for the MazE-MazF complex formation. 3) Based on the similarity between MazE and other addiction module antidotes and the distribution of the basic regions on the electrostatic surfaces of MazE and MazF, Kamada et al (31) proposed that Lys7 and Arg8 in MazE serve as the primary DNA anchoring sites in the MazE-MazF complex. In the present paper, we showed that the DNA-binding abilities of (His) 6 MazE and the MazE-MazF(His) 6 complex were disrupted not only by the site-directed mutations at Lys7 and Arg8 but also by mutations at other conserved amino acid residues (Ser12 and Arg16) in the N-box (Fig. 9) . It is possible that, since MazE exists as a dimer, the two Nboxes in the MazE dimer may be involved together in DNA-binding. The cellular effects of the toxins in the addiction modules have been studied quite extensively. CcdB, the toxin in the ccdA-ccdB system, interacts with DNA gyrase to induce DNA cleavage and block transcription (9,13), and RelE, the toxin in the relBE system, has a ribosome-dependent codon-specific mRNA cleavage activity at the ribosome A site (21) . MazF has been shown to block translation as well as DNA replication (20) . The detail mechanism of MazF function is currently under investigation. , and with increasing concentrations of both (His) 6 MazE and MazF at the constant (His) 6 MazE/MazF ratio of 1:2 (C). This article cites 0 references, 0 of which can be accessed free at
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